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Charon, Pluto’s largest moon, has been extensively studied, with research
focusing on its primitive composition and changes due to radiation and
photolysis. However, spectral data have so far been limited to wavelengths
below 2.5 um, leaving key aspects unresolved. Here we present the detection
of carbon dioxide (CO,) and hydrogen peroxide (H,0,) on the surface of
Charon’s northern hemisphere, using JWST data. These detections add to the
known chemical inventory that includes crystalline water ice, ammonia-
bearing species, and tholin-like darkening constituents previously revealed by
ground- and space-based observations. The H,0, presence indicates active
radiolytic/photolytic processing of the water ice-rich surface by solar ultra-
violet and interplanetary medium Lyman-a photons, solar wind, and galactic
cosmic rays. Through spectral modeling of the surface, we show that the CO, is
present in pure crystalline form and, possibly, in intimately mixed states on the
surface. Endogenically sourced subsurface CO, exposed on the surface is likely
the primary source of this component, with possible contributions from irra-
diation of hydrocarbons mixed with water ice, interfacial radiolysis between
carbon deposits and water ice, and the implantation of energetic carbon ions
from the solar wind and solar energetic particles.

Charon, Pluto’s largest moon, stands unique as the only mid-sized
trans-Neptunian object (TNO)—i.e., with a diameter between 500 and
1700 km—for which geological mapping is available, thanks to mea-
surements returned by the New Horizons mission”. Unlike larger
TNOs (e.g., Pluto, Eris, and Makemake), Charon’s surface is not
obscured by hyper-volatile ices, such as methane (CH,), with the

possible exception toward the poles. As a result, Charon serves as an
excellent candidate for retrieving valuable insights into processes
such as differentiation, radiation exposure, and cratering within the
Kuiper Belt. Understanding how these processes operate in the
Kuiper Belt is critical when attempting to deduce the primitive
composition of TNOs.
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Charon has been the focus of extensive spectral analysis through
both ground-based and space-based observations®>. This includes
data collected by New Horizons”. These investigations have uncov-
ered a surface largely composed of crystalline water (H,0) ice and
ammonia (NH3)-bearing species®’. These compounds exhibit
increased concentrations in the bright ejecta blankets surrounding
younger craters, suggesting the excavation of subsurface materials®.
Two darkening agents have been proposed on Charon’s surface: one
is a highly processed hydrocarbon, presumably originating from
Kuiper Belt impactors; the other is a red, tholin-like compound loca-
lized at the polar regions, likely resulting from the irradiation of cold-
trapped volatiles that migrated from Pluto to Charon®'. Given the
limited wavelength coverage of Charon’s measurements to date (up to
2.5 pm), some aspects of Charon’s composition remain unresolved,
including (1) the detection of carbon dioxide (CO,), expected to be
present in regions where subsurface materials are exposed, but never
previously detected, and (2) the role of energetic radiation and ultra-
violet (UV) photolysis on H,O ice, ammoniated species, and carbon
(C)-bearing species.

Exploring exogenous and endogenous processes requires putting
Charon’s spectroscopic measurements in context with those of other
icy moons in the Solar System and more primitive bodies (e.g.,
comets). Investigating the surface composition of these bodies can
then offer insights into potentially common chemical compounds that
might have been present in various regions of the solar nebula, as well
as the possible formation of similar radiolytic and/or photolytic by-
products on their surfaces.

In this work, we present observations of Charon acquired by the
James Webb Space Telescope (JWST) Near-Infrared Spectrograph
(NIRSpec"), extending beyond 2.5pum up to 5.2 um. We report the
detection of CO, and hydrogen peroxide (H,0,) on Charon’s frozen
surface. Through spectral modeling analysis, comparison with
laboratory measurements, and reference to JWST observations of
Jupiter’'s moon Europa™”, we investigate the nature and sources of
these compounds. Our results highlight insights into the chemical
diversity and evolutionary processes on Charon.

Results

The Pluto-Charon system was observed using the JWST/NIRSpec
instrument as part of the Cycle 1 Solar System Guaranteed Time
Observations (GTO) program #1191. Four observations were obtained
at different sub-observer longitudes to provide full coverage of Char-
on’s northern hemisphere. These observations utilized the integral
field unit (IFU) on NIRSpec, which has a 3.0" x3.0” field of view and a
spatial resolution of 0.1” per pixel. The high-resolution gratings
GI140H, G235H, and G395H were employed, which cover the wave-
length ranges 1.0-1.8 um, 1.7-3.1 pm, and 2.9-5.2 um, respectively, at a
spectral resolving power of approximately 2700". The total effective
exposure times in the three spectral settings for each of the four visits
were 408, 554, and 1109 s, respectively, yielding a combined exposure
time of 2072 s per observation (Supplementary Table 1). In Fig. 1, we
display the spectra of Charon’s full disk at the four sub-observer
longitudes, calibrated in units of radiance factor (or equivalently, I/F),
along with the detected surface ice features. The radiance factor is the
ratio of the bidirectional reflectance of a surface to that of a perpen-
dicularly illuminated, perfectly diffuse Lambertian surface, where both
surfaces are the same size and are at the same distance from the Sun
and the observer™. Details on data reduction and spectral extraction
can be found in the Data Reduction section in the Methods. The
Charon spectra, specifically the //F level and the depth of the absorp-
tion bands, show minimal variation with longitude. The average stan-
dard deviation of the mean of the four spectra and across the entire
wavelength range is 0.4%. Therefore, we average the four spectra to
derive the grand average shown in panel g of Fig. 1. The uncertainties
on each data point are represented by the standard deviation of the

mean. The grand-average spectrum has an average signal-to-noise
ratio of 91, 85, and 10 across the wavelength ranges 1.1-2.4 um,
3.2-4.0 um, and 4.2-4.4 pm, respectively. Given the negligible long-
itudinal variations observed, our analysis will primarily concentrate on
Charon’s globally averaged spectrum.

The grand-average spectrum of Charon from JWST is shown
alongside a disk-averaged spectrum from the New Horizons Linear
Etalon Imaging Spectral Array (LEISA) instrument® in Fig. 1g. The JWST
spectrum aligns well with the New Horizons/LEISA data, particularly in
the continuum slope and band profile of the absorption bands at 1.5,
1.65, and 2.0 pm, which have been attributed to crystalline H,O ice
features® (see Supplementary Fig. 1). This serves as a valuable con-
firmation of the data reduction methods used for the JWST Charon
observations. Discrepancies in the absolute //F values between the two
data sets can be attributed primarily to the different viewing geome-
tries. Specifically, the New Horizons data were acquired at a mean
distance from Charon’s center of 80,653 km at an average phase angle
of roughly 36°, whereas the JWST data were obtained at a phase angle
of around 1.5°. This makes the JWST data particularly sensitive to the
“opposition effect’—a steep, nonlinear increase in reflectance
observed as phase angles approach zero®. JWST/NIRSpec extends the
spectral coverage of Charon beyond the 2.5-um cutoff of New Hor-
izons/LEISA to 5.2 um. The broader wavelength range has unveiled two
species on Charon’s icy surface: CO, ice and H,0,. Furthermore, it
offers deeper insights into the overall ice inventory on Charon.

Carbon dioxide detection

CO, ice on the surface of Charon is identified by its characteristic
absorption features, specifically the v; +v; combination band near
2.70 pm and the C=0 asymmetric stretching fundamental v; at 4.27 pm
(Fig. 2a, b).

We modeled the continuum region near 2.7 um (red line, Fig. 2a)
without including a contribution from CO,, de-weighting the data in
the 2.69-2.71 um range where the absorption band occurs (refer to the
“Spectral modeling” section in the Methods for more details). A Lor-
entzian fit to the continuum-removed combination band displays a
sharp, narrow absorption at 2.6966 + 0.0001 um with a full width at
half maximum (FWHM) of 0.0019 + 0.0004 um and a band depth,
relative to the continuum, of 32+4% (Fig. 2c, red solid line). The
uncertainties in the FWHM, band center, and band depth parameters
were determined using Markov Chain Monte Carlo (MCMC) analysis
(Supplementary Fig. 2). For comparison, the JWST spectrum of
Europa® displays a band with similar characteristics to that of Charon,
but with a band depth on the order of 12% (Fig. 2¢, cyan points and red
dashed line). Spectra of solid CO, from various matrix environments,
as reported by multiple laboratories, were compared with the CO,
absorption feature at 2.7 um observed on Charon, as illustrated
in Fig. 2c.

Spectra of pure amorphous CO, do not align with Charon’s 2.7-pm
absorption feature. The v; +v; band of solid amorphous CO, peaks
close to 2.70 pm. However, its band center is shifted toward longer
wavelengths compared to crystalline CO,". Additionally, the band
profile for the amorphous phase is broader, with an FWHM approxi-
mately three times larger than that of its crystalline counterpart'™®
(see olive dash-dot line in Fig. 2c).

Solid CO,, when mixed with other constituents, does not yield a
close match to Charon’s 2.7 um feature. For instance, irradiation of
pure CO, ice with 100 keV protons (H*) results in CO, depletion and
the accumulation of carbon monoxide (CO), oxygen (O,), and minor
species such as ozone (03) and carbon trioxide (CO3)"”. The chan-
ging matrix environment results in the broadening of the 2.7-pm
feature®, as shown by the pink dashed line in Fig. 2c. Similar con-
siderations apply to CO, diluted in H,O, both in its pure form (olive
dashed line in Fig. 2¢, with a possible contribution from the dangling
bond of solid H,0'®) and post irradiation (dark green solid line in
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Fig. 1| JWST/NIRSpec IFU observations of Charon and detected ice species.
a-d Charon’s surface, asimaged by the New Horizons/LOng Range Reconnaissance
Imager (LORRI) and Multi-spectral Visible Imaging Camera (MVIC) instruments®"*?,
is presented in orthographic projection, centered on the sub-observer longitude
and latitude during the four JWST observations. e Image of Pluto (marked as “P”)
and Charon (marked as “C”), generated by median-combining all slices within the
wavelength range covered by the JWST/NIRSpec IFU G140H grating (observation
#004). f The I/F spectra extracted from each observation, offset along the y-axis for
clarity. Gaps observed in the extracted Charon spectra arise from a physical
separation between the two NIRSpec detectors, NRS1 and NRS2, in the focal plane
array. This impacts NIRSpec IFU observations using high-resolution gratings, as the

spectra are broad enough to encompass both detectors. g The grand-average
spectrum of Charon, obtained by averaging all four spectra. The compounds that
account for the detected absorption bands in Charon’s spectrum are labeled in the
figure. All four observations demonstrate consistent spectral shapes, displaying
not only H,O ice absorption bands and the 2.2-um feature attributed to NH; diluted
in H,O ice but also distinct evidence of the CO, combination mode at 2.70 pm and
the asymmetric stretching fundamental at 4.27 pm, as well as a plateau at 3.5 um
due to H,0,. Additionally, an absorption band centered around 1.8 pm is observed,
though its nature remains uncertain. For comparison, the disk-averaged spectrum
from New Horizons/LEISA's C_LEISA_HIRES scan of Charon® is also shown (purple
points). Source data are provided as a Source Data file.

Fig. 2c). The observed shift toward longer wavelengths and the
broadening of the v; + v5 band upon diluting CO, in H,0, as seen in
our laboratory data, are consistent with other laboratory studies™.
For a detailed description of our laboratory experiments on
H,0-CO, ice mixtures, the reader is referred to the “Laboratory
experiments” section in the Methods. CO, mixed with H,O and
methanol (CH5OH) ices in nearly equal proportions?, at tempera-
tures relevant to the surface of Charon (approximately 50 K?), is
inconsistent with the observations. This discrepancy can be seen in
the purple dash-dot line of Fig. 2c.

Given these lines of evidence, amorphous CO,, irradiated
CO,, CO, diluted in H,0, and the three-component mixture of

CO,, CH;0H, and H,0 ice do not match the band position and
profile of the v;+v3; band observed in Charon’s JWST spectrum.
Instead, pure (poly)crystalline CO, emerges as the primary con-
tributor, as shown by the blue and cyan solid lines in
Fig. 2¢'*181922 A subtle variation in the v; +v; band position has
been observed in laboratory measurements of pure crystalline
CO,'*"?*, which might be influenced by the CO, temperature and/
or the sample’s degree of crystallinity.

While the 2v, +v; combination/overtone band near 2.78 um is
evident in the laboratory spectra of pure crystalline C0O,'*"*%, it is
challenging to identify in Charon’s JWST spectra due to the low signal-
to-noise ratio in this wavelength region (i.e., I/F <107%).

Nature Communications | (2024)15:8247


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51826-4

0.30

0.25 A ®  Charon (JWST)

®  Europa (JWST)

0.20 A
0.15 — Model continuum
0.10

0.05 A

Radiance factor, I/F

0.00

—-0.05 T T T T 1
2.5 2.6 2.7 2.8 2.9 3.0

Wavelength (um)

1.5

AV

0.5 1

0.0
-054" "7~ -
-1.0

-1.54

ot —

Reflectance (Continuum Divided, Offset)
4
\

2.5 - ~. T

-3.0 T T T T T
2.690 2.695 2.700 2.705 2.710 2.715
Wavelength (um)

Crystalline CO,, 70K [16]
Crystalline CO,, 25K [19]

Irradiated CO,, 25K, 8.04 Xx10™ H* cm~2 [19]
CO,:H,0:CH30H (1:0.8:0.9), 114K [21]

Fig. 2 | The nature of carbon dioxide on the surface of Charon. a, b The JWST
spectrum of Charon, represented by black points, is displayed in two wavelength
regions where the v; + v5 and 2v, + v; (panel a) as well as the v; (panel b) CO,
absorption bands occur. For comparison, the JWST spectrum of Europa® is
shown (cyan points). The Europa spectrum is normalized to Charon’s //F level at
2.52-2.54 um (panel a) and 4.28-4.29 um (panel b), and has been vertically shifted
for better visualization. The red lines show the model of the local continuum
around the CO, bands under study (refer to the main text for detailed discussion).
¢, d Continuum-corrected spectra of Charon and Europa are shown together with
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their 1-0 errors. Both the dashed and solid red lines illustrate fits of the CO, band
profile, which utilizes a combination of Gaussian and Lorentzian profiles. For
comparison, colored lines show various types of CO, measured in the laboratory.
Initially expressed in terms of absorbance (or optical depth), these measurements
underwent conversion to reflectance, ensuring the preservation of the original
sample thickness. Subsequent continuum correction was applied, followed by
scaling to align with the observed band depth. These spectra, while vertically offset,
serve as benchmarks for evaluating spectral shape and position. Source data are
provided as a Source Data file.

The spectrum of Charon in the wavelength range between 2.66
and 2.80 um, which includes both the v; + v3 and 2v, +v5 CO, absorp-
tion bands, was modeled using the Hapke radiative transfer model*.
Specifically, the best-fit model consists of an areal mixture of 80%
crystalline H,O ice, 18% amorphous H,O ice, and 2% crystalline CO, (for
details, refer to the “Spectral modeling” section in the Methods and
Supplementary Fig. 3).

We do not find evidence for the absorption bands of solid crys-
talline CO,* at 1.97 um (2v; +v3), 2.01 um (v; +2v, +v3), and 2.07 pm
(4v, +v3), consistent with the New Horizons data (Fig. 1g and Supple-
mentary Fig. 1). It is worth noting that, based on absorption coefficient
considerations'®, the v;+v; and v3 CO, absorption bands probe
penetration depths on the order of 1um and 0.1 um, respectively.
These depths refer to how far into a material the light can penetrate
before being absorbed, directly relating to the depth below the surface
that is being probed. In contrast, the short wavelength absorption
bands (i.e., 2vi+ V3, vi+ 2V, +V;, 4v,+15%) probe the occurrence of
CO, at approximate depths of 50 um for v;+2v,+v;, 100 um for
2v; +v3, and 300 pum for 4v, + v;. The probe depths listed for the CO,
absorption bands are based on measurements of pure CO,. These

depths will differ if CO, is dispersed in H,O ice, as we propose here on
Charon based on the modeling of the 2.7-um range (refer to the
“Spectral modeling” section in the Methods). In this context, the values
obtained for pure CO, represent a lower limit. Nevertheless, when
accounting for CO, dispersed in H,O ice, the short wavelength bands
near 2 um will still probe hundreds of microns, contrary to the v; +v;
and v; bands that will probe approximately the first 5 and 1um,
respectively. Therefore, the lack of detection of CO, absorption fea-
tures at short wavelengths near 2 um implies that this compound is
sparse at penetration depths greater than several tens of microns,
contrary to the case of the Uranian moons®* and Triton”.

Charon presents an intriguing double-peaked absorption band
ranging from approximately 4.20 to 4.29 um. At a first-order approx-
imation, it is possible to decompose the observed spectral profile into
two components, one broad Gaussian component centered at
4.2346 £ 0.0008 pm with an FWHM of 0.037 +0.002 pm and one
sharp Lorentzian component centered at 4.2707 + 0.0005 pm with an
FWHM of 0.007 + 0.001 um (Fig. 2d, red solid line). The overall width
of this double-lobed feature is consistent with that of pure crystalline
CO, at 70 K'** (blue solid line in Fig. 2d). However, unlike the JWST
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though the match is not perfect. The goal of this model is to support the potential
interpretation of the 4.265-um peak as a CO, ice Fresnel peak originating from the
interface between two layered media, with crystalline CO, ice and amorphous H,0
ice on top of a crystalline H,O ice and tholins layer. Source data are provided as a
Source Data file.

spectra, these laboratory data do not exhibit the characteristic dual
minima. The data of pure crystalline CO, acquired at 25K" exhibit a
distinct vs spectral profile compared to those at 70 K'® and align more
closely with the Lorentzian component of the Charon band at 4.27 pm
(cyan solid line in Fig. 2d). The reasons for these differences remain
unclear at this stage.

The spectrum of H,O ice containing approximately 2% CO, and
irradiated to a dose of 10™ electrons cm™ at 70 K (dark green solid line
in Fig. 2d; see the “Laboratory experiments” section in the Methods for
further information) displays a sharp feature at 4.27 pm, resembling
the Lorentzian observed in Charon’s spectrum. Nonetheless, the exact
width of this absorption band and its spectral shape, marked by its
symmetric behavior, do not match perfectly the observations. This
could imply the presence of CO, embedded within H,O ice that has
been modified by irradiation, alongside the naturally occurring pure
polycrystalline phase.

The JWST spectrum of Europa also displays a double-peak
structure in the same wavelength range*” (cyan points in Fig. 2),
though its band distinctly contrasts with the feature in Charon’s
spectrum. Specifically, the band in the Europa spectrum can be
decomposed into two sharp Lorentzian components centered at
4.2462+0.0003 pm and 4.2700 +0.0003 um, with half FWHMs
equal to 0.0150 + 0.0005 um and 0.0061 + 0.0005 pm, respectively
(red dashed line in Fig. 2d). The combination of a Gaussian and a
Lorentzian component does not satisfactorily reproduce the band
shape. Moreover, unlike Charon’s feature, the intersection point
between these two components in Europa’s spectrum is depressed
relative to the band continuum. The spectral feature in the Europa
spectrum has been ascribed to a complex water/organic-rich mole-
cular environment?, given the good agreement with the laboratory
spectrum of an ice mixture containing CO,, H,O, and CH;OH
[1:0.8:0.9] at 114 K* (orange dashed line in Fig. 2d). The profile of the

vz CO, absorption band is known to be strongly distorted by the
presence of polar (e.g., H,O and CH3;0H) and non-polar species (e.g.,
CO, 0,, and CH,) in the surrounding ice matrix”’*. While we do not
provide a definitive assignment to this feature, we remain open to the
possibility of CO, embedded in a complex water/organic-rich mole-
cular environment (referred to as complexed CO,), akin to that of
Europa®”, as an explanation for the 4.23-um absorption band
observed in the spectrum of Charon.

An alternative interpretation suggests that the observed spectral
feature might not result from two separate absorption bands, but
possibly from the presence of a Fresnel peak of CO, ice at 4.265 um,
contributing to the appearance of a double-peaked structure. This is
particularly relevant when visualizing a two-layered structure where
amorphous H,0 ice and crystalline CO, particles overlay a bed of
crystalline H,O ice and tholin-like materials (Fig. 3). Impinging radia-
tion like solar wind can amorphize a thin rim of crystalline icy grains,
especially at Charon’s cold temperatures. In such a configuration, the
Fresnel reflection at the interface between these two layers becomes
significant and must be considered. The model shown as a red solid
line in Fig. 3 consists of an areal mixture of two distinct surface units:
the first comprises an intimate mixture of crystalline H,O ice, amor-
phous H,0 ice, crystalline CO; ice, and tholin-like materials (ry ); the
second unit is characterized by a two-layer medium dominated by
amorphous H,O0 ice and crystalline CO, on top of crystalline H,O ice
and tholins (r,, ). Further elaboration on this scenario is provided in
the “Spectral modeling” section in the Methods. This model displays
two Fresnel peaks, one due to H,O ice at 3.1 um and one at 4.265 um
due to crystalline CO,. While the match is not perfect, it is important to
stress that the exact position of the CO, Fresnel peak strongly depends
on the adopted CO, optical constants and their temperatures. Also, the
overall model is challenged by the lack of a robust set of optical con-
stants for tholin-like materials at long wavelengths.
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Fig. 4 | The nature of the 3.5-pm feature. a JWST observations of Charon (black
points) and Europa (normalized to Charon’s //F level at 2.52-2.54 pm, cyan points)
are shown alongside infrared absorption studies detailing the effects of 5keV
electron irradiation on CO, diluted in H,O ice films. Two specific irradiation flu-
ences are shown: 9.00 x 10®e”cm™ (dotted magenta) and 9.30 x 10" e” cm™
(dashed magenta line). The red lines show the baseline continuum fit. b Spectra in
panel a, with continuum removed, are compared to the spectrum of H,0, resulting
from 100 keV H" irradiation of pure H,0 ice* (yellow solid line) and the spectrum of
Europa from Galileo/NIMS* (red crosses). All spectra are normalized to Charon’s
band depth. ¢ The continuum-removed spectra of Charon (gray) and Europa (cyan),
each maintaining their native band depths. Source data are provided as a Source
Data file.

Although we do not rule out the idea of complexed CO, or CO,
diluted in H,O ice and exposed to radiation, possibly in conjunction
with another compound causing the short-wavelength lobe of the
dual-peaked feature, our preferred interpretation for the double-
peaked v; band is that it originates from crystalline CO, and amor-
phous H,0 ice resting atop a layer of crystalline H,O ice and tholins.
This may be in conjunction with CO, that has undergone irradiation.
This explanation is particularly convincing as it accounts for the
characteristics of both the v;+v; and v; bands and aligns with the
geological data of Charon as reported by the New Horizons mission.
Furthermore, laboratory data do not adequately match the short-
wavelength lobe of the double-peaked feature, despite considering
various environmental conditions.

Hydrogen peroxide detection

The JWST reflectance spectrum of Charon features a distinctive pla-
teau around 3.50 pm (Fig. 4a). To determine whether this spectral
feature can be attributed to H,0,, we conducted a thorough com-
parison with JWST observations of Europa' and laboratory spectra of
irradiated H,O ice films***°. Notably, H,0, has been conclusively
identified on Europa’s surface via the 3.5-um infrared absorption
band®?*, and it is recognized as a product of radiolytic processes of
H,0 ice’**"**, Considering the identification of CO, on Charon’s surface
as well as on Europa, the results of our irradiation experiments with
H,0-CO,; ice mixtures—containing a 2% CO, concentration compar-
able to that on Charon—are especially relevant for this analysis (see the
“Laboratory experiments” section in the Methods for a detailed
description of these experiments).

To characterize the spectral shape of the observed 3.5-um spec-
tral feature, we performed a non-linear baseline subtraction. Given that
crystalline H,O ice alone appears insufficient to reproduce the spectral
shape of the continuum, and considering the uncertainties associated
with optical constants of amorphous H,O ice in this wavelength
range®**, we opted for a polynomial baseline subtraction. The poly-
nomial fit for constructing the continuum was applied across a wave-
length range from 3.35 to 3.92 pm while masking the absorption region
between 3.42 and 3.60 um. This technique was consistently imple-
mented to the entire data set under investigation, which includes the
observed Charon and Europa spectra, as well as our laboratory mea-
surements of CO, diluted in H,0O, before and after irradiation (Fig. 4a).
We applied a polynomial fit that reproduces the spectrum of H,0:CO,
before irradiation, which does not display the 3.5-yum band. In this way,
we ensure the adoption of a physically reasonable baseline that does
not introduce extraneous structures®.

Our experiments demonstrate that irradiation of a 1.5 pm-thick
H,O0 ice film containing 2% CO, with 5 keV electrons (e”) leads to the
formation of H,0,. Figure 4 presents two spectra corresponding to
distinct irradiation fluences: 9.00 x 10" " cm™ (magenta dotted line)
and 9.30 x 107 e” cm™ (magenta dashed line). The asymmetric 3.5-um
spectral feature has an FWHM of 0.078 um in the first case, and
0.081 um (with an appearance of a shoulder feature at 3.53 pum) in the
second. This is in line with other laboratory findings on H,0, pro-
duction; for instance, the yellow spectrum in Fig. 4 resulting from
irradiation of pure H,0 ice by 100 keV H" has an FWHM of 0.079 pm™.

The width of the 3.5-pm absorption band can be slightly influenced
by the choice of continuum, such as the polynomial order or the selec-
tion of the masking zone. Additionally, the shape of the 3.5-um band
undergoes a notable alteration with varying irradiation fluence on the
H,0:CO, (1:0.02) mixture. As irradiation fluence increases, structures on
the long-wavelength shoulder of the H,0O, absorption become increas-
ingly pronounced (see comparison between magenta dashed and dot-
ted lines in Fig. 4b). These structures are likely attributable to by-
products like CH;0H?. Specifically, the profile of the 3.5-um absorption
resulting from the irradiation of CO, diluted in H,O can be decomposed
into two distinct components: the first component, centered around
3.5um, is associated with H,O,; the second, sharper and centered at
approximately 3.53 pm, is linked to other species like CH;0H*. This
latter feature, which becomes more pronounced with increasing irra-
diation fluence, subtly broadens the FWHM of the band, differentiating it
from the H,0, absorption observed when pure H,O ice is irradiated.

The profile of Charon’s absorption at 3.5 um, obtained following
continuum removal (black line, Fig. 4b), is in remarkable agreement
with the H,0, feature produced from irradiation of pure H,0 ice*® and
CO, diluted in H,0. The agreement of Charon’s 3.5-um absorption
(FWHM of 0.100 um) with Europa’s H,0, feature detected by the
Galileo Near Infrared Mapping Spectrometer (NIMS)®' (red crosses in
Fig. 4b) and JWST" (cyan points in Fig. 4b, FWHM = 0.092 um) further
strengthens the H,0, attribution.
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In the JWST spectrum of Europa, subtle structures appear on the
long-wavelength shoulder of the H,0, absorption, similar to those in
irradiated H,O ice films containing 2% CO,. If these structures are
confirmed by data processing with the latest JWST pipeline, they could
be attributed to carbon-bearing organics. These intriguing features are
less obvious in Charon’s spectrum, likely due to the lower signal-to-
noise ratio. We present spectra at two fluence levels to highlight the
emergence of this shoulder feature around 3.53 pm. The intermediate
fluence corresponds to approximately 1400 Earth-years, while the
higher fluence represents about 140,000 Earth-years of radiation
exposure on Charon, given 1-keV solar wind impinging at a 10°° m2s™
flux®’. While Galactic Cosmic Rays (GCRs) penetrate deeper into the
regolith than the solar wind, accumulating a dose of 1eV per water
molecule at about 50-um depth requires approximately 25 million
years®™. This depth of 50 pm aligns with the sensing capabilities of
infrared observations in crystalline H,O ice at temperatures around
40K and wavelengths near 3.5 um*'. In contrast, the solar wind can
deliver this dose at the top 50-nm veneer in only about 5 years.
Micrometeoroid impacts may further facilitate the penetration of
H,0,, initially produced by the solar wind, deeper into the surface
while also exposing fresh material to the solar wind®.

The H,0, absorption on Charon is more than two times weaker
than the analogous feature observed in the average spectrum of
Europa’s leading hemisphere (Fig. 4c). This reduced band depth
implies a diminished H,0, abundance on Charon relative to Europa.
Further details on this comparison are discussed in the “Discussion”
section.

Compositional inventory beyond carbon dioxide and hydrogen
peroxide

In line with prior measurements, the JWST spectrum reveals a feature
at 2.210 + 0.001 um. This has been ascribed to ammoniated species, as
supported by earlier studies®*’. Though the existence of NHz-bearing
species on Charon was established before the JWST observations, the
exact nature of these species (e.g., NH3 frozen within the H,O ice,
superficial coatings of NH3 ice, NH; combined with H,O in one or more
hydrated phases, and ammoniated salts) remained undetermined®.
Modeling the continuum region around 2.0 pm reveals an additional
band at 1.990 +0.001 um. The positions and widths of these two
absorption bands are most consistent with H;O-NH; ice mixtures
(Supplementary Fig. 1), with an NH; concentration of approximately
1%"° (see the “Ammoniated species” section in the Methods for addi-
tional details).

Our analysis of Charon’s 3-um spectral region, as detailed in the
“Spectral modeling” section of the Methods, reveals the presence of
amorphous H,0 ice, which accounts for approximately 20% of the
surface. This finding contrasts with previous studies that have pri-
marily detected crystalline H,O ice, constituting at least 90% of the
surface composition, in the shorter wavelength range below 2.5 um?’.
These studies suggested a minimal presence of amorphous H,O0 ice, a
conclusion also supported by New Horizons data analyses, which did
not favor including amorphous H,O ice in spectral models for wave-
lengths of 1.2-2.5 um?®. The disparity in H,O ice absorption coefficients
at different wavelengths provides further insight. At 40K, the crys-
talline H,O ice absorption bands at 1.5 and 2.0 um present peak
absorption coefficients of approximately 50 and 100cm?,
respectively®. These values correspond to photon penetration depths
in ice of around 200 and 100 pm, respectively. In contrast, the average
penetration depth associated with the 3.0-um H,O0 ice absorption band
(2.8-3.3um) is less than 5pm. As a result, spectroscopic measure-
ments in this wavelength range investigate a surface layer less than a
few microns in depth. The necessity to include amorphous H,O ice for
accurately modeling the 3-um region, coupled with the absence of
amorphous ice signatures in spectroscopic measurements below

2.5 um, leads us to conclude that amorphous H,O ice is present pri-
marily in a very thin surface layer.

In summary, the Charon spectra reveal the presence of H,O ice in
both crystalline and amorphous phases, along with CO,, H,0,, and NH;
diluted in H,0. There is no clear evidence of any additional compounds
(e.g., CH4, CO, and CH3O0H). An absorption band centered around
1.8 um is seen in the JWST spectrum and was also observed in New
Horizons spectra but possibly attributed to flat-field artifacts. The
nature of this feature remains uncertain at this point.

Discussion

We explore multiple potential sources for the solid CO, detected on
Charon, which includes endogenic, exogenic, and in-situ formation
from radiation processing. Each source is considered for its ability to
contribute to the spectral features observed on Charon, with careful
consideration of the moon’s environmental conditions. This discus-
sion aims to decipher the complex processes that could have con-
tributed to shaping Charon’s present composition, as indicated by
spectroscopic evidence.

Exogenous impactors could have delivered CO, to Charon’s sur-
face and/or exposed subsurface endogenic CO, reservoirs through
cratering events. In such an instance, CO, absorption is presumably
enhanced in the bright ejecta blankets of geologically young craters,
similar to the ammoniated species**®, due to the exposure of fresh
material. The sharp 2.7-pm Lorentzian absorption indicates that some
fraction of the surficial CO, has segregated from the surrounding H,O
ice matrix and crystallized, possibly due to thermal heating from both
the summer northern hemisphere and the heat generated during the
cratering process. In this scenario, the long-wavelength absorption
band around 4.23 pm could result from a stratification scattering effect
within the ice, possibly in conjunction with irradiation products of the
endogenic/exogenic CO, that has not segregated. Supporting the
notion of endogenic CO,, analyses of cometary nuclei through their
comae observed at heliocentric distances less than 2.5 au have
demonstrated that the CO,/H,0 ratio ranges between a few percent
and 30%'>*. This aligns with our estimate of the CO, amount
responsible for the 2.7-um absorption being on the order of 2%.
Additionally, the presence of NH; diluted in H,O at the 1% level aligns
with cometary measurements*’, reinforcing the idea of heritage
compounds being exposed. If Charon (and Pluto) accreted from pla-
netesimals containing cometary fractions of CO,, there could have
originally been a significant amount of it in their interiors. However,
the fate of the endogenous CO, during the Charon-forming impact
event remains uncertain, leading us to consider the role of in-situ
formation of CO, from radiation processing,.

Processing of Charon’s hydrocarbons by interplanetary medium
(IPM) and solar Lyman «a (Ly-a) UV photons, solar wind ions and elec-
trons, and GCRs could yield a fraction of the observed CO,. Charon’s
winter hemisphere serves as a cold trap for CH, escaping Pluto’. The
photolytic breakdown of condensed CH, by Ly-a photons results in the
formation of higher-order hydrocarbons®. These Ly-a photons could
also dissociate H,O molecules in the vicinity of CH, to induce reactions
that synthesize CO,**** and other CHO species, such as CH;0H and
carbonic acid. Spring sunrise on the winter hemisphere prompts rapid
sublimation of unphotolyzed CH,, but heavier hydrocarbons, includ-
ing ethane, persist on Charon’s warming surface (60 K maximum
summer temperature) and undergo further processing by the solar
wind. Radiolysis of hydrocarbons intimately mixed with H,O ice by the
solar wind keV H" and alpha particles could contribute to Charon’s CO,
inventory*®. Additionally, carbon ions in the solar wind can be
implanted into Charon'’s icy regolith and react with H,O molecules to
synthesize CO,". However, this mechanism is comparatively less effi-
cient due to its low yield (0.4 CO, per carbon ion) and a significantly
reduced carbon ion flux, which is four orders of magnitude lower than
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that of H'. Moreover, energetic GCRs further process Charon’s
hydrocarbon-rich H,O ice, generating CO, at greater depths compared
to the solar wind and Ly-a photons. The band profile of the v; CO,
absorption band generated from photolysis/radiolysis of
hydrocarbon-H,0 ice mixtures in multiple laboratory experiments
reasonably matches Charon’s 4.27-um Lorentzian peak*c.

Radiolysis at the interfaces between carbon and H,O, involving
carbonaceous residues embedded in H,O ice, offers an additional
mechanism for producing solid CO, on Charon’s surface**>°. These
residues could be native to Charon or derived exogenously from
Kuiper belt impactors or interplanetary dust particles®. The radiolytic
yield for each interface is modest, around 0.05-0.1 CO, molecules for
every incoming proton, and the utmost quantity produced does not
surpass approximately a few 10 CO, molecules cm™ per interface
(due to CO, shielding the carbon from H,0 and the destruction of CO,
by incident ions)*. However, the cumulative effects of multiple inter-
faces within Charon’s meters-thick radiolytic layer (considering GCRs)
make this a viable mechanism that adds to Charon’s CO, stockpile. The
4.27-um CO, absorption band observed on the surface of Charon
could be produced by this mechanism after diffusion or desorption
followed by gravitational return®. The interfacial oxidation reaction
likely prevents complete carbonization of the dark neutral absorber or
tholins thought to be present at levels of up to 50% by volume
fraction®®. These dark absorbers likely contribute to the greyish col-
oration on Charon, especially toward lower latitudes below -70°.

In summary, CO, produced in situ from radiation processing
could contribute to the most surficial (approximately 1-um penetration
depth) CO, layer. However, laboratory experiments simulating these
formation mechanisms do not show the resulting 2.7-um absorption
band, challenging the possibility of assessing whether these processes
alone would be compatible with the overall CO, spectral behavior
observed on Charon. Given the laboratory results for CO, embedded in
other compounds before and after irradiation, we speculate that the
2.7-um feature resulting from in-situ processing might not be con-
sistent with the observations, and thermal annealing would possibly be
required. Further discrimination between these processes has poten-
tially interesting implications for the fate of CO, Charon may have
inherited from the proto-Pluto and the Charon-forming impactor
during and after the formation of Charon itself.

The detection of H,0, is a clear demonstration of the influence of
radiolysis and photolysis on Charon’s surface. The creation of H,0,
through radiolytic and photolytic processing of H,O ice has been
thoroughly studied and is a fairly established process on small bodies
throughout the Solar System?****1-5, Laboratory measurements have
been instrumental in explaining the detection and concentration of
H,0, on Europa®**'**, H,0, formation occurs from the combination of
neighboring OH radicals, which originate from the breakup of H,O
molecules due to incoming ions, electrons, or photons.

Charon’s global H,O ice-rich surface is continuously processed by
GCRs, IPM Ly-a photons®, as well as by solar wind ions and electrons,
and solar UV photons on the sunlit hemisphere®, collectively syn-
thesizing H,0,. Despite their low fluxes, cosmic rays penetrate deeper
into Charon’s icy regolith, depositing energy to induce radiolysis
meters below the surface. In comparison, solar wind and Ly-a photons
only process the topmost 50-nm veneer, approximately. Micro-
meteroid gardening can lead to upward mixing of GCR-generated
H,0, to depths accessible to remote sensing (about 0.1-100 pm)**,

Contrary to radiolysis of pure H,O ice, radiolysis of H,0-CO, ice
mixtures not only produces H,O, but also yields formaldehyde, car-
bonic acid, and CH;OH*®", At high irradiation fluence (10"®e” cm?,
equivalent to approximately 10° years of solar wind radiation exposure
at Charon®), a shoulder, indicative of CH;OH, becomes evident at
3.53um in the laboratory spectrum, piercing through the nominal
asymmetric H,O, absorption. While this CH3;OH-related shoulder at
3.53 um is not observable in the Charon JWST/NIRSpec spectra, the

presence of CO, implies that the 3.5-um absorption feature might not
be solely attributable to H,0,. Consequently, we cannot dismiss the
potential enhancing contribution of overlapping absorptions from
other radiolytic organics. Additionally, weaker CH3;OH absorption
bands, expected around 2.27 um, remain undetected as well.

The radiolytic synthesis of H,0, is also consistent with the pre-
sence of amorphous H,0 ice on Charon’s surface. Impinging radiation,
as well as flash sublimation from impact heating followed by con-
densation on a cold surface, can break down the crystalline structure®,
The amorphized ice retains its disordered structure more effectively at
Charon’s colder temperatures.

We find that the abundance of H,0, on Charon is approximately a
factor of two lower compared to Europa. Charon’s surface tempera-
ture is cooler than Europa’s (approximately 50 K*? versus 90-130 K**).
While laboratory studies suggest an increased production of H,0, at
lower temperatures®, the differences between Europa and Charon
H,0, content could be attributed to different radiation environments
encountered by the two satellites. Europa experiences intense bom-
bardment from charged particles (H*, S™, O™) trapped in the Jovian
magnetosphere, with energies ranging from tens of keV to MeV®.
These levels significantly exceed the keV solar wind impinging on
Charon”. Additionally, solid NHs, present on Charon’s surface, can also
react with and destroy H,0, at temperatures exceeding 50 K¢, which
may partially explain the lower H,O, levels on Charon compared to
Europa. Furthermore, different concentrations of CO, may also
affect the abundance of radiolytic H,0,. Systematic laboratory work
investigating the impact of irradiation on H,0-CO, mixtures, with
diverse dilution levels at various temperatures, is essential to further
explore the similarities and differences between these two intriguing
satellites.

To conclude, the inaugural observations of Charon by JWST have
significantly advanced our comprehension of its surface composition,
revealing a stratified surface rich in crystalline H,O ice with NH; diluted
in H,O ice at penetration depths of approximately 100 pm. Addition-
ally, a layer of pure crystalline CO, is evident at shallower penetration
depths of about 5 um. This feature is likely attributable to an endo-
genous source, unearthed by external impacts. This layering config-
uration is believed to cause a scattering effect, which may account for
the peculiarly strong CO, absorption band at longer wavelengths.
Moreover, the surface is undergoing continuous alteration by photo-
lysis and radiolysis, which contribute to the CO, inventory and are
responsible for the presence of H,0, and amorphous H,O ice.

Methods

Data reduction

The raw uncalibrated data (Supplementary Table 1) were processed
with Version 1.11.1 of the official JWST pipeline®’. Relevant calibration
reference files were automatically acquired from build
jwst _1097.pmap of the JWST Calibration Reference Data System
(CRDS). The stacks of non-destructive reads were first converted to
count rate (slope) images by applying Stage 1 of the JWST pipeline. This
step was followed by the manual removal of residual correlated
detector readnoise (so-called 1/f noise) using a 200-pixel-wide moving
median filter on the off-sky pixels within each detector column. Next,
Stage 2 of the JWST pipeline was applied to the readnoise-corrected
count rate images, resulting in wavelength-calibrated, flux-calibrated,
and spatially-rectified spectral cubes for each grating, detector, and
dither (i.e., two dithered exposures were acquired in each instrument
setting, resulting in six IFU cubes per observation, see Supplementary
Table 1). We ran the JWST pipeline locally, using the default settings for
both stages. Each IFU cube consists of a stack of over 1000 3.0” x 3.0”
sky-projected images, one for each wavelength. The following data
reduction steps include: (1) extracting Charon’s spectrum, (2) cor-
recting for flux contamination due to Pluto, (3) adjusting for flux losses
outside the extraction aperture, and (4) converting Charon’s flux to //F.
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Step 1: Spectral extraction. Spectral extraction was carried out
using a specialized empirical point-spread function (PSF) fitting
methodology. We calculated the centroid of Charon using a 2D
Gaussian fit (after masking Pluto) and placed a 5x 5 pixel extraction
aperture centered on the centroid position, rounded to the nearest
integer pixel. For a given image k in the IFU cube, we constructed a
local template PSF by calculating the 2D median of all images within
the range (k-10, k+10). After setting all pixel values outside of the
5x 5 extraction aperture to zero and normalizing to an integrated flux
of unity, we used an error-weighted least-squares minimization routine
to fit this template PSF to the image k, with a multiplicative scaling
factor as a free parameter. Fitting was done twice, the second time
after masking 7-o outliers from the residuals of the first fit. This process
was done on every image within each IFU cube, with the corresponding
best-fit scaling factor defining the extracted spectra at every grating/
detector/dither setting. The spectrum resulting from this approach
was compared with the one obtained through straightforward circular
or square aperture extraction techniques. While both methods pro-
duce notably consistent outcomes, the PSF technique yields a sig-
nificantly enhanced signal-to-noise ratio.

Step 2: Correcting for Pluto’s flux contamination. Upon examining
the IFU images (Fig. 1, panel e), it is evident that while Pluto and Charon
are spatially separated, there is minor blending of the fluxes from the
two binary components, with Charon positioned on a diffraction spike
of Pluto’s PSF. To mitigate Pluto’s contamination in Charon’s extracted
flux, we placed a box centered along the line joining Pluto and Charon,
lying precisely opposite to Charon relative to Pluto. This “anti-Charon”
box had the same size as the one used for source extraction, i.e., 5% 5
pixels. We summed the flux within the anti-Charon box to obtain an
estimate of Pluto’s contamination at Charon. To improve the quality of
the contamination spectrum, we extracted the high signal-to-noise
spectrum of Pluto using the same PSF fitting technique outlined above
and smoothly scaled it to match the flux level measured within the
contamination box at every wavelength. The resultant scaled spectrum
of Pluto was then subtracted from Charon’s spectrum to remove Plu-
to’s flux contamination (Supplementary Fig. 4).

Step 3: Correction for flux losses. The close proximity of the two
binary components necessitated a relatively small extraction aperture
for Charon, which left a wavelength-dependent fraction of Charon’s
PSF outside of the aperture. To correct for flux losses and retrieve the
full unbiased flux of Charon, we utilized NIRSpec observations of the
G2V-type solar standard star GSPC P330-E, obtained as part of the flux
calibration program #1538. By extracting the star’s spectrum using an
identical extraction methodology and aperture size as those used for
our spectral extraction of Charon, and then dividing it by the cali-
brated CALSPEC spectrum of the star®®, we obtained a ratio spectrum
that quantifies the fractional amount of a point source’s total flux that
lies within a 5 x 5 pixel aperture. We fitted cubic polynomial curves to
the ratio spectra in each of the grating/detector combinations and
divided these curves from the decontaminated Charon spectra to
obtain the flux-corrected spectra. We then combined each pair of
dithered spectra using weighted mean averaging. Lastly, we applied a
30-point-wide 3-0 moving median filter on each spectrum to arrive at
the final spectrum of Charon, which has units of MJy/sr.

Step 4: Conversion to I/F. The spectra resulting from Step 3 were
then converted to I/F = mir’/F, where [ is the radiance at the detector
defined as power per unit area per unit solid angle, r is the target’s
heliocentric distance in astronomical units and Fy, is the solar flux at 1
au. The radius used to determine the area of Charon in pixel units is
606 km®. The solar flux at 1 au was generated using the planetary
spectrum generator (PSG)’°”, which accounts for the Doppler shift
associated with the orbital parameters of both Charon and JWST at the
time of the observations, as well as the spectral resolution of the
NIRSpec filters. PSG adopts a composite spectrum of the Sun, com-
bining the solar spectrum modeled by Kurucz in the wavelength range

0.4-2.0 um (see http://kurucz.harvard.edu) and the spectrum mea-
sured by the Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) instrument onboard SCISAT-1 in the range
2-14 um’%. The comparison of this composite spectrum with the Kur-
ucz model of the Sun, sourced from the CALSPEC database®®, both ata
resolving power of 5000, is shown in Supplementary Fig. 5. The Kurucz
model does not adequately reproduce the observations beyond
approximately 4.3 um. Consequently, we opted for the composite
solar spectrum provided by PSG for our analyses.

Laboratory experiments

To facilitate the interpretation of Charon’s surficial CO, and H,0,, we
carried out a series of irradiation experiments on H,0-CO, ice mix-
tures. We deposited H,O ice films (approximately 1.5 pm thick) con-
taining trace amounts of CO, (about 2%, which is similar to the CO,
abundance estimated on Charon based on spectral modeling of the
2.7-um v; +v3 CO, combination band; see text for details) relative to
H,O0 ice onto a gold-coated quartz crystal microbalance (QCM). The
QCM substrate was cooled to 70K prior to film deposition, slightly
higher than the 60 K maximum surface temperature predicted for
Charon’s sunlight hemisphere’. An intimate H,0-CO, mixture of pre-
cise composition was obtained by simultaneously condensing H,O
vapor and CO, gas onto the QCM from two separate doses. We began
the deposition process by introducing CO, gas to establish a baseline
condensation rate on the QCM, typically around 0.5-0.7 nm min™
Subsequently, we leaked H,0 into the system, increasing the deposi-
tion rate to approximately 25-35 nm min™. As the ice thickness neared
the target of 1.5um on the QCM, we closed the H,O doser first in
order to ensure that the terminal CO, deposition rate remained within
10% of the initial rate observed at the start of deposition. This tech-
nique of simultaneous deposition allows for precise calculation of the
relative CO, abundance in our mixtures”. A specular reflectance
infrared spectrum of the ice mixture, denoted by R, was collected over
the wavelength range between 1and 16 pm at 2 cm™ resolution using a
Thermo-Nicolet iS50 FTIR spectrometer. The resulting spectra are
expressed as relative reflectance R/R, or in optical depth units,
—In(R/R,), where R, is the reflectance of the bare gold substrate. We
note that the spectra of laboratory ice films, obtained in specular
reflectance, differ from the directional hemispherical reflectance
spectra of Charon’s granular icy regolith. This discrepancy is primarily
due to the absence of anisotropic scatterers and surface roughness in
our laboratory ice films. Despite these differences, comparing the
absorption band profiles—such as peak centers, asymmetry, and
widths—between our laboratory data and astronomical observations
proves to be a powerful method for deciphering the state or phases of
surface constituents like CO, and H,0, on Charon, as demonstrated in
our study.

The H,0-CO, films were subject to irradiation from 5keV elec-
trons produced by a Kimball Physics EGG-3101 Electron Source.
Additional spectra were acquired following incremental fluence/dose
steps to track compositional changes in the ice film from irradiation.
The key results pertaining to the effects of radiation on the 2.7- and
4.24-um CO, absorption bands and the 3.5-um H,O, feature are dis-
cussed in the main text. These experiments were conducted in an ultra-
high vacuum chamber with a base pressure of about 107° Torr.

Spectral modeling

To model the 2.0-um region (Supplementary Fig. 1a), we employed the
Hapke radiative transfer theory" and considered an intimate mixture
of crystalline H,O ice at temperatures of 50 and 70 K* and a tholin-like
material synthesized from an initial gas composition of
N,:CH, =99%:1% with 500 ppm of CO™. This approach aligns with
methodologies utilized in previous spectral modeling of Charon’s
spectra in the near-IR wavelength range up to 2.5 um*, The fit to the
JWST observations was carried out within the wavelength range
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1.8-2.3 pm. The fit was weighted such that the wavelength range
between 2.18 um and 2.28 um, where ammoniated species present a
strong absorption band, did not affect the modeling results. The
plausible identity of the ammoniated species was probed through the
relative residuals (data/model) in the 2.2-um spectral range (see
Methods section “Ammoniated species” and Supplementary Fig. 1b).
The free parameters in the model were the effective grain diameter (D;)
and the fractional volume (V;) of each mixture component. These
parameters were iteratively refined using the Levenberg-Marquardt x*
minimization algorithm to achieve the best fit to the observations”.
We employed Hapke parameters obtained for Charon from a disk-
integrated analysis of Hubble data at 0.55pm and data from New
Horizons’ LOng-Range Reconnaissance Imager (LORRI)®. Specifically,
our model utilized a single-lobe Henyey-Greenstein phase function’®,
with the asymmetry parameter, &, set to —0.14. The shadow-hiding
opposition effect featured an amplitude, By, of 0.74 and a width, A, of
0.0015. We also incorporated the effects of macroscopic roughness,
setting the mean roughness slope 6 to 24°. The best-fit values for the
volume fraction and particle diameter are as follows: 18% and 145 um
for crystalline H,O ice at 70 K, 65% and 35 pum for crystalline H,O ice at
50K, and 17% and 45 pm for tholin-like materials. We stress that the
estimates of the concentration and particle size of each surface com-
pound depend strongly on the choice of the optical properties of the
darkening material (i.e., tholin-like material).

The same strategy described above was adopted to model the
continuum in the wavelength range between 2.6 and 2.8 um in order to
isolate the 2.7-pm CO, band. To facilitate the modeling of the saturated
H,0 ice absorption in the 3-um region, an isotropic phase function
with £=0 was employed. The need for distinct photometric properties
to model the data at short wavelengths (below 2.5um) and longer
near-IR wavelengths (beyond 2.5pum) may be attributed to these
wavelength ranges probing varying penetration depths with different
microscopic properties. The spectral slope between 2.6 and 2.8 pm
serves as a good metric for distinguishing amorphous from crystalline
H,O0 ice, given that the former has a shallower slope than the latter.
Adopting crystalline H,O ice only failed to replicate the data. The best-
fit model was obtained as an intimate mixture of approximately 80 pm-
diameter grains, with the fractional volume (V;) of crystalline H,O ice at
70 K being on the order of 90% and that of amorphous H,0O ice at 60 K
being about 10%. We also tested an areal mixture of crystalline H,O ice
at 70K and amorphous H,O ice at 60K, achieving a statistically
equivalent best fit with approximately 80 um-diameter grains. In this
mixture, the fractional area (F;) covered by crystalline H,O ice is 85%,
while that covered by amorphous H,O0 ice is 15%. This model is illu-
strated in Fig. 2a (red solid line).

For the wavelength range between 2.66 and 2.8 pm, including
the CO, band, we required an areal mixture of two components:
crystalline H,0 ice at 70 K and aggregates of amorphous H,0 ice at
60 K with crystalline CO,". For the aggregates, we estimated the real
and imaginary parts of the refractive index as a function of wave-
length, A, using effective medium theory (specifically, the Bruggeman
mixing formula”). This technique preserves the spectral properties
of each component within the aggregate and assumes that the
medium’s end-members are distinct from one another at the mole-
cular level. The free parameters in this case were the areal fraction
and particle diameter of each component, and the percentage of
crystalline CO, relative to amorphous H,O ice. Including crystalline
CO, ice in amorphous H,O ice helped to attenuate the 2.78-pm
absorption band compared to the 2.7-um band. The best-fit model
consisted of an areal mixture of 80% crystalline H,O ice (with
approximately 115-pm particle diameter) and 20% amorphous H,O
ice with 12% inclusions of crystalline CO, (with approximately 7-pm
particle diameter). This corresponds to 2% crystalline CO, and 18%
amorphous H,O ice. The comparison between the data and the best-
fit model is shown in Supplementary Fig. 3.

We developed a model that simultaneously fits the wavelength
ranges 2.5-3.2 and 4.1-4.5 pm to model the CO, v; +v3 combination
band near 2.70 um and the asymmetric stretching fundamental v; at
4.27 um. Analysis of spatially resolved data from New Horizons high-
lights a surface primarily composed of crystalline H,O ice and refrac-
tory materials, contributing to the gray coloration at visible
wavelengths, with the north polar cap being an exception. An
enhanced abundance of H,O ice and ammoniated species is noted in
the bright ejecta blankets of geologically young craters. In light of
these findings, and to incorporate the new detections of crystalline
CO, and amorphous H,O ice on Charon’s surface, we formulated a
compositional model to replicate these observed surface character-
istics. This model consists of an areal mixture of two distinct surface
units: the first comprises an intimate mixture of crystalline H,O ice,
amorphous H,O ice, crystalline CO, ice, and tholin-like materials
(runir, ); the second unit is characterized by a two-layer medium domi-
nated by amorphous H,O ice and crystalline CO, on top of crystalline
H,0 ice and tholins (r,,)- This model serves as a qualitative attempt
to emulate the observed spectral features at long wavelengths, taking
into account the known geology of Charon (see Fig. 3). In our model,
we considered the Fresnel reflection occurring at the interface
between the layered media. This reflection is attenuated by the
extinction resulting from the particles present in the top layer. The
optical constants of the top and bottom layers (n(1), k(1)) were esti-
mated using the effective medium theory (specifically, the Bruggeman
mixing formula”).

We encountered challenges in developing a Hapke model similar
to those described above to accurately reproduce the continuum near
the 3.5-pm band of H,0,. The optical constants of amorphous H,O ice
in this region exhibit uncertainty®*, and the continuum cannot be
faithfully reproduced using only the optical constants of crystalline
H,O0 ice. Consequently, we resorted to employing a polynomial fit to
define the continuum for this band, as described in the main body of
the paper.

Ammoniated species

To investigate the nature of the 2.21-um absorption band on Charon,
we modeled the 2.0-um region without including a contribution from
NHs-bearing compounds and instead de-weighted the data in the
2.18-2.28 um range, where these materials typically have an absorp-
tion band. This is purposely done because the available optical con-
stants for these hydrates and salts are limited and cannot account for
all the possible chemical variants of these species**’**, The spectral
region around 2.0 um is well represented by an intimate mixture of
crystalline H,O ice and tholin-like material, as shown by the red line in
Supplementary Fig. 1a (refer to the “Spectral modeling” section in the
Methods for comprehensive details on the modeling analysis). The
resultant relative residual spectrum (data/model) showcases a feature
with a center at 2.210 + 0.001 um (calculated from a Gaussian fit).
Another feature occurs at 1.990 + 0.001, which overlaps with the much
stronger H,O ice band. The position and width of these absorption
bands are most consistent with HO-NHj; ice mixtures (see Supple-
mentary Fig. 1b). According to laboratory data, the central wavelengths
of the 2.0- and 2.2-pm NH; bands vary depending on the NH;-to-H,0
ratio. The 2.0-um NH; band shifts from 2.006+0.003 pum to
1.993 £ 0.003 um as the percentage of NH; decreases from 100% to
1%*C. The 2.2-pm NH; band center shifts from 2.229 + 0.003 pm to
2.208 + 0.003 um over the same range*’. Consequently, the detected
positions of the NH; bands in the JWST data align with an NH; con-
centration of approximately 1%.

Data availability

The JWST data used in this study (see Supplementary Table 1 for details
on the JWST observations) are publicly available from the Space
Telescope Science Institute’s Mikulski Archive for Space Telescopes
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(https://mast.stsci.edu/). The grand-average spectrum of Charon and
the infrared absorption spectra detailing the effects of 5keV electron
irradiation on CO, diluted in H,O ice films generated in this study have
been deposited in the Zenodo database. The high-quality global
mosaic of Charon, compiled from nearly all the New Horizons/LORRI
and MVIC highest-resolution images and used to produce panels a
through d in Fig. 1, was obtained from the USGS Astrogeology Science
Center website as an ISIS3 cube file (https://astrogeology.usgs.gov/
search/map/new-horizon-global-mosaics). The New Horizons/LEISA
scan of Charon used to generate the spectra and maps shown in Fig. 1g
and Supplementary Fig. 1 (scan name C_LEISA_HIRES scan, Mission
Elapsed Time 0299175509) is available at the PDS Small Bodies Node
(https://pdssbn.astro.umd.edu/holdings/nh-p_psa-leisa_mvic-5-comp-
v1.0/data/spec/). The datasets generated as part of this study are
available from the corresponding author on request. Source data are
provided in this paper.

Code availability

The JWST science data calibration pipeline is at https://github.com/
spacetelescope/jwst; the Planetary Spectrum Generator is at https://
psg.gsfc.nasa.gov/. The spectral modeling code used in this study is
part of a multifaceted toolset that employs Hapke, Mie, and effective
medium theories to analyze planetary surfaces and cometary comae
and cannot be provided independently. Details on the numerical
simulations and the spectral modeling tool are discussed within the
text and are available from the corresponding author upon request.
The MCMC simulation was carried out using the publicly available
emcee Python library (https://github.com/dfm/emcee).
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